The fission yeast cell wall {#s0005}
===========================

The cell wall is a structure external to the plasma membrane that is present in plants, fungi and bacteria. It could be considered equivalent to the extracellular matrix in animal cells but with a higher mechanical resistance. Due to its resistance, the wall protects the cells against physical stresses and the rupture of the plasmatic membrane and prevents the disturbance of the isosmotic conditions. The cell wall is also responsible for the shape of walled organisms ([@b0170], [@b0200]). Besides its resistant and rigid nature, this structure also has a high elasticity and is remodeled in a regulated manner to permit the growth and morphological changes that occur during the life cycle of walled organisms. If the wall is eliminated by the action of lytic enzymes, the cells are converted into round protoplasts that would need to be maintained in a hyperosmotic medium to equilibrate the internal turgor pressure and avoid cell lysis.

The wall of eukaryotic organisms is mainly made of polysaccharides, and its rigid structure is due to the presence of crystalline microfibers formed by long chains of linear polysaccharides associated through hydrogen bonds. Commonly, these crystalline fibers originate from a single type of sugar bound through β-linkages; cellulose (β-(1,4) glucose) in plants, chitin (β-(1,4) N-acetylglucosamine) in fungi, or β-(1,3) glucans in both types of organisms. In addition, the cell wall includes other polysaccharides, which function as aggregation factors, and different glycoproteins ([@b0245], [@b0410]). The fungal cell wall usually has an internal layer that includes the structural fiber component and an outer layer composed of diverse polysaccharides and glycoproteins which are important to deal with environmental stresses.

The fission yeast *Schizosaccharomyces pombe* is a rod-shaped unicellular fungus of 3--4 µm in diameter and 7--14 µm long. This yeast grows by elongation and divides by fission to give rise to equal daughter cells. When observed by transmission electron microscopy, the *S. pombe* cell wall shows a three-layer organization ([Fig. 1](#f0005){ref-type="fig"}), with two electron-dense layers in the outer and inner sides formed by galactomannan which constitutes the sugar part of wall glycoproteins (9--14% of total wall), and a central electron-transparent layer comprised of β-glucans and α-glucans, forming 54--60% and 28--32% of the total wall respectively. This layer contains crystalline fibers of β-(1,3)-glucan that provide rigidity to the cell wall, β-(1,6) glucan branches that increase the wall strength, and α-(1,3)-glucan which functions as an aggregation factor essential for cell integrity ([@b0460]).Fig. 1(A) TEM image of a fission yeast cell. Details of (B) the cell wall and (C) the septum are shown. PM: Plasma membrane, PS: primary septum, SS: Secondary septum. (D) Scheme of the fission yeast cell wall organization and percentages of the different polysaccharides.

When *S. pombe* cells form a division septum ([Fig. 1](#f0005){ref-type="fig"}A, C), a three layered structure is observed with a central primary septum mainly made of linear β-(1,3)-glucan that disappears upon cell separation and two outer secondary septa which initially do not have an outer layer of galactomannan. The secondary septa will later form the wall of the new tips in the daughter cells ([@b0180]). Fission yeast separation of the two daughter cells is achieved through the action of two hydrolases: Agn1 endo α-(1,3) glucanase which partially digests the lateral cell wall in the division area ([@b0130], [@b0185]), and Eng1 endo β-(1,3) glucanase which digests the primary septum ([@b0325]). Eng1 contains a region at the C‐terminus that acts as a carbohydrate‐binding module with affinity for small β-(1,3)-glucan chains with a minimum degree of polymerization ([@b0330]).

Galactomannan {#s0010}
-------------

Immunoelectron microscopy using colloidal gold-labeled lectins specific against galactomannan localizes this polymer to the outer and inner sides of the cell wall. Galactomannan is the glycan part of the cell wall glycoproteins, covalently bound via N- and O-glycosidic linkages to the protein amino acids. It consists of a main chain of α-(1,6)-linked D-mannose with branches formed by α-(1,2)- or α-(1,3)-linked D-mannose and a terminal D-galactose residue in the non-reducing ends. A small amount of galactose not located at the terminal position has also been found ([@b0225]). Although the protein content of *S. pombe* walls is only slightly lower than in *Saccharomyces cerevisiae*, they are less glycosylated and the amount of sugar bound to the proteins is 2--3 folds lower.

Fungal wall proteins are important to generate the adherence properties required to colonize different surfaces. Protein-bound N-glycan forms a tight, inflexible helix that has a hydrophobic face and causes cell surface hydrophobicity. N-glycosylation sites are abundantly present in fungal adhesins, which modulate adhesion, aggregation, biofilm formation and, in pathogenic fungi, the host-immune responses.

Most proteins found in the fungal wall are glycoproteins secreted to the medium; and only a few are covalently linked to other wall polysaccharides. The latest proteins are divided into two groups: (a) ASL (Alkali-Sensitive Linkage) or PIR (Proteins with Internal Repeats) proteins covalently attached to β-(1,3)-glucan through glutamine residues within their tandem repeat domains that can be release with a mild alkali treatment; and (b) proteins covalently attached by a C-terminal glycosyl-phosphatidylinositol (GPI) anchor to the β-(1,6)-glucan. These proteins can be removed by β-glucanase treatment ([@b0110], [@b0150], [@b0125], [@b0255]).

Three of the *S. pombe* PIR-type proteins are similar to proteins belonging to the *S. cerevisiae* SUN family, with β-glucosidase activity involved in the remodeling of the cell wall during the various phases of yeast growth and in response to environmental cues. Other PIR proteins such as Asl1, are related to proteins from *Aspergillus fumigatus* and *Ustilago maydis* ([@b0115]).

The *S. pombe* genome contains 39 hypothetical GPI proteins with different enzymatic activities such as amilases, glucanases, proteases, etc. However, only four of them (Gas1, Gas2, Gas4, and Gas5) are β-(1,3)-glucanosyl-transferases related to *S. cerevisiae* Gas1, which is involved in the maturation and branching of β-(1,3)-glucan, and therefore it is essential for the cell wall assembly ([Fig. 2](#f0010){ref-type="fig"}). *S. pombe* Gas1 is essential for cell integrity during vegetative growth and Gas4 is essential for sporulation. Gas2 and Gas5 seem to play a minor role in the cell wall assembly ([@b0125]).Fig. 2Schematic representation of the β-(1,3)-glucan synthesis by the GS complex in the plasma membrane. Then the β-(1,3)-glucan is elongated and branched through the action of cell wall proteins with glucosyltransferase activity. Glucose units (![](fx1.gif)).

The fission yeast genome also codes for 14 putative adhesins that, unlike those previously characterized, do not contain detectable glycosyl phosphatidyl inositol (GPI) anchor signals or glutamine residues within tandem repeat domains to mediate their attachment to the cell wall, suggesting the existence of a novel cell wall attachment mechanism ([@b0280]). Map4 is one of those adhesins which can be extracted from the cell walls either with SDS/mercaptoethanol or with mild alkali solutions but not with β-glucanases ([@b0440]). The α-glucan might contribute to the attachment of some *S. pombe* wall glycoproteins since the outer layer of galactomannan was significantly reduced in cells depleted of Ags1, the α-glucan synthase ([@b0085]).

β-glucans and β-glucan synthases {#s0015}
--------------------------------

The β-glucans are polysaccharides composed of D-glucose monomers linked by β-(1,3) or β-(1,6) bonds. Traditionally, these β-glucans have been classified by the type of bonding of the main chain. *S. pombe* β-glucans include three types: linear β-(1,3)-glucan, branched β-(1,3)-glucan with branches of β-(1,3)-glucan attached via β-(1,6) bonds to the main chain, and β-(1,6)-glucan with branches of β-(1,6)-glucan linked via β-(1,3) bonds ([@b0320], [@b0235], [@b0315]). Antibodies specific against different β-glucans define the organization of these polymers in the *S. pombe* wall and septum. Linear β-(1,3)-glucan is presents almost exclusively in the primary septum and a small amount is also observed in the cell wall of the tips ([@b0235], [@b0075]). Branched β-(1,3)-glucan, the major β-glucan, is located throughout the cell wall and the septa. Branched β-(1,6)-glucan forms part of the inner cell wall layer but close to the outer surface of galactomannoproteins ([@b0235]).

Scanning electron microscopy during wall regeneration in *S. pombe* protoplasts showed that this structure is formed initially by a network of fibers that group into bundles interconnected and surrounded by amorphous particles. β-(1,3)-glucan is the primary component of the fiber structure. Initially, it is deposited on the plasma membrane as particles that subsequently extend to generate a network of microfibers that cover the whole surface; this network constitutes the frame on which the other polymers are deposited. As the protoplast grows, β-(1,3)-glucan fibers allow the restoration of the fission yeast cylindrical form ([@b0380]).

Linear β-(1,3)-glucan forms linear chains arranged in a single helix with a small proportion of triple-helix structures. This glucan is the polysaccharide responsible for the primary septum structure, and is recognized with higher affinity than the rest of *S. pombe* wall polysaccharides by the fluorochrome Calcofluor White, being responsible for the strong labeling of the septum with this compound ([@b0075]). The single helix conformation makes the primary septum susceptible to degradation by β-(1,3)-glucanases permitting the separation of the cells after cytokinesis ([@b0330]).

Branched β-(1,3)-glucan is the most abundant polymer in the *S. pombe* wall. It is essential for cell integrity and shape, and plays a crucial role during cytokinesis in the formation of the secondary septum and in the link of the cell wall to the plasma membrane and the contractile actomyosin ring ([@b0360]).

Branched β-(1,6)-glucan is a minor polysaccharide in the wall of fission yeast. It is formed by a main chain of β-(1,6)-linked glucose and 75% of β-(1,3)-linked branches. This percentage of branches is much higher than that of the β-(1,6)-glucan in other yeasts like *S. cerevisiae* or *Candida albicans.* Because of the abundance of both β-(1,6) and β-(1,3) links it is also called "diglucan" and represents 5--10% of the wall ([@b0465], [@b0315]). There is no information about how β-(1,6)-glucan is synthesized and incorporated into the fission yeast cell wall. Indeed, no β-(1,6)-glucan synthase protein has been identified in any fungal species, although several *S. cerevisiae* proteins, like Kre1, Kre5, Kre6 and Skn1, Kre9, Kre11, or Knh1, which are conserved in other fungi, are required for normal levels of cell wall β-(1,6)-glucan ([@b0005]). Some of these proteins form part of the secretory pathway, suggesting that β-(1,6)-glucan synthesis may occur in intracellular organelles. Indeed, immunoelectron microscopy showed the presence of β(1,6)-glucan particles associated with the Golgi apparatus in *S. pombe* suggesting that initial biosynthesis of this polymer might occur in the Golgi whereas the β-(1,3)-glucan binding is achieved at the cell surface ([@b0235]).

The biosynthesis of β-(1,3)-glucan is catalyzed by an enzyme complex conserved in fungi and plants called β-(1,3)-glucan synthase (GS) (EC 2.4.1.34, UDP-glucose:1,3-β-D-glucan 3-β-D-glucosyltransferase). GS is located in the inner side of the plasma membrane ([@b0445]) and uses UDP-glucose as substrate. This enzyme synthesizes in vitro linear chains of 60--80 glucoses, which is a considerably smaller length compared to that of the cell wall glucan chains. In *S. cerevisiae* and other fungi, linear β-(1,3)-glucan is elongated and branched further by GPI-bound Gas proteins, which belong to the glycosidase/transglycosidases 72 family ([@b0390]) ([Fig. 2](#f0010){ref-type="fig"}A). β(1,3)-glucanosyl-transferase activity is essential for viability in fission yeast, being Gas1 required to maintain cell integrity during vegetative growth ([@b0125]).

The GS complex is composed of at least two subunits: an integral membrane protein corresponding to the catalytic subunit; and the small GTPase Rho1, which acts as the regulatory subunit ([@b0020], [@b0135]). Direct activation by Rho1 GTPase is a general mechanism in fungal GS biosynthesis ([@b0050]). Small GTPases are GTP-binding proteins with biochemical similarity to the α-subunit of heterotrimeric G proteins, whose molecular conformation changes depend on the nucleotide they are bound to ([@b0525]) ([Fig. 3](#f0015){ref-type="fig"}). Bound to GTP they are active and can interact with effector proteins, but they have an intrinsic GTPase activity and hydrolyze GTP to GDP, which leads to their inactivation. The transition from GDP- to GTP-bound Rho proteins is promoted by guanine nucleotide exchange factors (GEFs) ([@b0045]). On the other hand, GTPase activating proteins (GAPs) facilitate the hydrolysis of GTP bound to Rho proteins ([@b0355]). Rho proteins are also regulated by Rho GDIs ([g]{.ul}uanine nucleotide [d]{.ul}issociation [i]{.ul}nhibitor), which extract the GTPases from the membrane by masking their isoprenoid group, thus preventing their activation by Rho GEFs ([Fig. 3](#f0015){ref-type="fig"}) ([@b0175]). *S. pombe* Rho1 localizes to sites of active growth ([@b0025]) where it can be activated by three GEFs: Rgf1, Rgf2, and Rgf3, which are similar to *S. cerevisiae* Rom1 and Rom2 ([@b0365]). Rgf1 is the main activator of Rho1 during all the mitotic cycle, Rgf2 is essential during the sporulation process and plays a redundant function with Rgf1 during polarized growth, and Rgf3 is essential in cytokinesis ([@b0190], [@b0405]). An additional GEF named Gef2 also plays a role in cytokinesis. Gef2 localizes to the contractile ring and the precursor cortical nodes through the adaptor protein Nod1 and binds to purified GTPases Rho1, Rho4, and Rho5 in vitro but it is not known yet if it plays a role as activator of these GTPases ([@b0550]). Rho1 is negatively regulated by at least three GAPs: Rga1 is the major regulator of Rho1 and cells lacking Rga1 are sick and have a thick cell wall ([@b0370]); Rga5 plays a role in cytokinesis ([@b0055]) and Rga8 participates in the cross-talk between Rho1 and Cdc42 but its function is not known yet.Fig. 3Scheme of Rho GTPases activation cycle. Top, GDP-bound Rho GTPases are activated by GEFs, which are proteins that promote the substitution of GDP by GTP. Active GTP-bound Rho GTPases promote the activation of different effectors. The intrinsic GTPase activity is stimulated by GAPs and causes the hydrolysis of the GTP into GDP and the return of the Rho GTPase to the GDP-bound inactive state. The GDI proteins extract GDP-bound Rho GTPases from the membrane. Bottom, the different *S. pombe* Rho GEFs and GAPs described to date are shown.

All the fungal GS catalytic subunits are large proteins with 15--16 predicted transmembrane domains divided into two hydrophobic regions separated by a central hydrophilic region essential for its function ([Fig. 4](#f0020){ref-type="fig"}A). *S. pombe* has four genes, *bgs1*^+^ to *bgs4*^+^, encoding four putative GS catalytic subunits. All these subunits perform essential non-overlapping roles in the synthesis of β-glucans during vegetative cell growth and septum assembly (Bgs1, 3 and 4), and during spore wall maturation (Bgs2) ([@b0180], [@b0160]).Fig. 4(A) Kite and Doolittle hydropathy plot and model of the Bgs proteins structure with 15--16 transmembrane domains. (B) Fluorescence micrographs showing the localization of GFP-Bgs1 in exponentially growing *S. pombe* cells. (C) Localization of GFP-Bgs4 in calcofluor-stained growing cells. (D) Kite and Doolittle hydropathy plot and model of the Ags1 protein structure. (E) Time-lapse micrographs showing Ags1-GFP in exponentially growing cells stained with calcofluor (lower panels). CW: calcofluor white. The bar is 5 μm.

The gene *bgs1^+^* was first identified by complementation of the *cps1-12* mutant strain which is multiseptated and hypersensitive to a spindle poison ([@b0240]). Two other mutants with different alleles of the same gene, *swl1-N12* (*cps1-N12*) and *drc1-191* (*cps1-191*), assembled contractile actomyosin rings but did not form division septa ([@b0270], [@b0295], [@b0285]), demonstrating that Bgs1 is a GS essential for septum formation. Bgs1 localizes to the membrane of the division area and the growing poles ([@b0070], [@b0290]) ([Fig. 4](#f0020){ref-type="fig"}B). Immunoelectron microscopy with gold-labeled anti-β-(1,3)-glucan antibodies of the septa formed in *bgs1Δ* germinating spores established that Bgs1 is responsible for the synthesis of the linear β-(1,3)-glucan that forms the primary septum ([@b0075]).

The gene *bgs2^+^* is induced during sporulation. Bgs2 localizes to the ascospore periphery and is required for ascospore wall maturation and survival ([@b0285], [@b0340]).

The gene *bgs3^+^* was identified as a suppressor of a mutant hypersensitive to the GS-specific antifungal compound echinocandin ([@b0065]). Although Bgs3 is essential, its function still remains unknown. Like Bgs1 and Bgs4 ([Fig. 4](#f0020){ref-type="fig"}B and C), Bgs3 was found in the membrane of the growing areas ([@b0335]). Spores lacking Bgs3 fail to elongate and to maintain longitudinal growth and polarity. Similarly, vegetative cells become rounded and stop growth upon repression of *bgs3*^+^ expression ([@b0335]).

The gene *bgs4^+^* codes for the GS catalytic subunit that synthesizes the major cell wall β-(1,3)-glucan, and it is essential for the maintenance of cell shape and integrity during cell growth, and septation ([@b0090]). Bgs4 depletion promotes cell lysis mainly at the onset of cell separation ([@b0090], [@b0360]). Mutations in Bgs4 are responsible for the resistance to specific glucan synthase inhibitors ([@b0350]). In some *bgs4* mutant strains part of the galactomannan is lost from their walls, suggesting that some wall glycoproteins are bound to the polymer made by Bgs4 ([@b0395]).

The Bgs enzymes are membrane proteins and must be delivered to the cell surface in order to exert their function. They also need actin polymerization for their internalization from the plasma membrane in order to recycle or degrade ([@b0070], [@b0075]). However, there is not much information about the trafficking of glucan synthases by the vesicle trafficking mechanisms. A thermosensitive strain expressing the *cdc42L160S* mutant allele demonstrated that Cdc42 GTPase regulates polarized secretion and participates in membrane trafficking, endosome recycling, and vacuole formation ([@b0165]). This strain has a defective cell wall with a significant decrease in β-(1,3)-glucan, and the growth defect of this strain at 36 °C can be suppressed by the presence of an osmotic stabilizer ([@b0155]). Analysis of Bgs1 and Bgs4 localization in *cdc42L160S* cells unveiled a difference in the traffic of both enzymes ([@b0155]). The use of a mutant strain with reduced levels of the clathrin light chain which do not lead to a general defect in protein secretion, showed that glucan synthesis is clathrin-dependent ([@b0120]).

Additionally, it has been suggested that the F-BAR protein Cdc15 delivers Bgs1 from the Golgi to the plasma membrane of the central region ([@b0015]), and that the protein Sbg1 plays an earlier and more important role than Cdc15 in Bgs1 trafficking and localization ([@b0105]). Sbg1 is a type II integral membrane proteins with a SKN1/KRE6 domain and its loss results in an unstable actomyosin ring and a significant reduction of the β-(1,3)-glucan in the cell wall. This phenotype is similar to that observed in the *cps1-191* mutant ([@b0435]). Sbg1 and Bgs1 physically interact and are dependent on each other to localize to the division site ([@b0435]). The SKN1/KRE6 domain is conserved in Golgi proteins of different fungal species which have putative roles in β-(1,6)-glucan synthesis ([@b0170], [@b0200]).

α-(1,3)-glucan and α-glucan synthases {#s0020}
-------------------------------------

This polysaccharide is a major wall component of filamentous and dimorphic fungi ([@b0535]). It is a linear polysaccharide of approximately 260 glucose residues, formed by a tandem of two linear chains, each consisting of about 120--130 residues of α-(1,3)-bound D-glucose, connected by around 10 α-(1,4)-linked glucose units located at the reducing end of each single chain ([@b0210]).

α-(1,3)-glucan functions as an aggregation factor for hyphae and conidiain some *Aspergillus* species because defects in this polymer lead to hyphal and conidial dispersion ([@b0125]). In *S. pombe* α-(1,3)-glucan has an essential role in the structure and rigidity of the cell wall, as treatment with α-glucanases in addition to β-glucanases is required to produce round protoplasts ([@b0010]). Moreover, mutant strains defective in the synthesis of α-(1,3)-glucan maintain the fiber structure but are unable to acquire a cylindrical shape ([@b0380]).

During cytokinesis α-(1,3)-glucan is part of the secondary septum and plays an important role in the strength of adhesion between primary and secondary septa needed to support the physical force of the internal turgor pressure during cell separation ([@b0085]). It is believed that α-(1,3)-glucan is localized with the branched β-(1,3)-glucan in the less electron-dense region of the cell wall and in both primary and secondary septa ([@b0085]), although it has not been detected yet by immunoelectron microscopy.

The enzyme responsible for the synthesis of the cell wall α-(1,3)-D-glucan in *S. pombe* is Ags1, also called Mok1, which is essential for cell integrity ([@b0230], [@b0250]). Ags1 orthologs are not found in budding yeasts but are widely extended in filamentous, dimorphic, and pathogenic fungi ([@b0535]). No α-(1,3)-D-glucan synthase activity has been detected in vitro yet. The predicted synthase, Ags1, is a large integral membrane protein of 272 kDa, with a cytoplasmic synthase domain, a hydrophobic region with multiple transmembrane domains and an extracellular transglycosidase domain ([Fig. 4](#f0020){ref-type="fig"}D). Like the Bgs proteins, Ags1 is found in the membrane of growing poles and septa ([@b0265], [@b0085]) ([Fig. 4](#f0020){ref-type="fig"}E).

Ags1 cytoplasmic domain shares amino acid sequence motifs with bacterial glycogen synthases and plant starch synthases ([@b0520]). It has been proposed that this domain adds glucose residues to the non-reducing end of an α-(1,3)-glucan chain. On the other hand, the large extracellular N-terminal region might cross-link the newly synthesized α-(1,3)-glucan to other cell wall components ([@b0520]).

*S. pombe* contains four additional *ags1*^+^ paralogs (*mok11*^+^- *mok14*^+^), which are induced in a sequential manner and are required at different stages during sexual differentiation ([@b0190]). Mok12 and Mok13 are probably involved in the synthesis of the α-(1,3)-glucan necessary for spore wall maturation and resistance to environmental stress while Mok14 is necessary for the synthesis of the iodine-reactive amyloid polymer characteristic of the external layer of *S. pombe* spores ([@b0190]). Deletion of Mok11 did not show any obvious sporulation defect.

Cell integrity signaling in fission yeast {#s0025}
=========================================

Extracellular environmental changes cause different types of stress in all the organisms and can seriously affect the viability of the cells. All cells have signaling pathways required to transmit the stress signals from outside and to develop the response and gene expression changes required to adapt and survive. Mitogen activated protein kinase (MAPK) cascades, are major signaling pathways in the transduction of the signals from the cell surface to the nucleus ([@b0345]). They include sensors that detect environmental changes and transmit the signal to other proteins that in turn activate the MAPK module. This module includes three conserved kinases: the MAP kinase kinase kinase (MAPKKK); the MAP kinase kinase (MAPKK), and the MAP kinase (MAPK). Sequential phosphorylation of these proteins transmit the signal ([@b0275]). Then the MAPK phosphorylates different target proteins, including transcription factors that promote the gene expression changes required to respond to the stimuli. *S. pombe* has three MAPK pathways: the pheromone signaling pathway with Spk1 as MAPK ([@b0450]), the stress-activated pathway (SAP) with Sty1/Spc1 as MAPK ([@b0500]), and the cell integrity pathway (CIP) with Pmk1/Spm1 as MAPK that responds to numerous stress conditions, such as hypo- or hyper-osmotic pressure, absence of glucose, cell wall damage, and oxidative stress, and that also participates in cytokinesis, and ion homeostasis ([@b0495], [@b0430], [@b0540], [@b0040], [@b0480], [@b0300], [@b0310], [@b0035]). The cell integrity MAPK is conserved in all fungi and shows a high degree of similarity to mammalian ERK1/2 and ERK5 ([@b0385], [@b0275], [@b0345]).

The CIP includes sensors that detect changes in the cell wall or membrane caused by different stresses and transmit the stimulus to the MAPK module. *S. cerevisiae* sensors are transmembrane proteins encoded by the genes *WSC1-4*, *MID2*, and *MTL1* ([@b0400]). The corresponding proteins occupy different microdomains at the plasma membrane ([@b0260]), and upon detection of a cell surface stress, they transmit the stimulus to Rom2, a GEF that activates Rho1. Then, this GTPase activates the PKC ortholog Pkc1 and the CIP MAPK cascade ([@b0215]). The sensors contain an N-terminal serine-threonine-rich domain and a C-terminal cytoplasmic tail ([@b0275]). Atomic force microscopy (AFM) studies suggest that the serine-threonine-rich domain behaves like a linear spring and demonstrated that disulfide bridges are required for clustering of the sensors ([@b0140], [@b0145]). *S. pombe* Wsc1 and Mtl2 proteins are similar to the sensors described in *S. cerevisiae* ([@b0095]). Both cause activation of Rho1 through two GEFs, Rgf1 or Rgf3, and regulate the wall assembly. Remarkably, they do it independently of the CIP MAPK, whose activity is not affected in cells lacking Wsc1 ([@b0095]).

Rho2 is another GTPase that localizes to the growth sites and is involved in the control of cell polarity, reorganization of the actin cytoskeleton, and biosynthesis of the cell wall ([@b0220], [@b0060]). Rho1 is essential while Rho2 is not, and its deletion only produces rounded cells that are more sensitive to treatment with β -glucanases ([@b0220]). GTP-bound Rho1 and Rho2 interact with and regulate the two redundant fission yeast PKC orthologs Pck1 and Pck2 ([@b0030], [@b0515]). Pck1 and Pck2 are unstable proteins with N-terminal PEST sequences and their interaction with the GTPases increases their stability ([@b0030], [@b0515]). Additionally, a single *S. pombe* gene, *ksg1^+^*, codes for a phospholipid-dependent kinase (PDK) ([@b0375]) that activates Pck1 and Pck2 ([@b0205]). These two kinases share overlapping roles in cell viability and partially complement each other ([@b0030]). They regulate the in vitro activity of the β-(1,3)-D-glucan synthase although the specific mechanism is not known ([@b0030]). Therefore, Rho1 regulates the biosynthesis of β-(1,3)-glucan through a direct regulation of the Bgs enzymes and also indirectly through the activation of Pck2 and Pck1. On the other hand Rho2 also activates Pck2, but does not affect the Bgs enzymes. Instead, Rho2 regulates the activity of the α-glucan synthase Mok1 exclusively through Pck2 ([@b0060]). Additionally, Rho2 and Pck2 are the main activators of the CIP, whose central element is the MAPK Pmk1 ([@b0150]) ([Fig. 5](#f0025){ref-type="fig"}). There is no Rho2 GEF described so far. This GTPase is negatively regulated by four GAPs, Rga2, Rga4, Rga7 and Rga6, all of which also downregulate the Pmk1 MAPK signal ([@b0455]).Fig. 5Schematic representation of *S. pombe* cell wall integrity pathway. Rho1 is activated by the sensors Wsc1 and Mtl2, which detect and transmit signals coming from the cell wall through the GEF Rgf1. Rho1 activates y the β-(1,3)-glucan synthase and stabilizes the kinases Pck1 and Pck2. Both kinases are activated by the Phospholipid-dependent kinase Ksg1 and in turn activate the β-(1,3)-glucan synthase. Rho2 is not activated by Wsc1 or Mlt2, but regulates the α-(1,3)-glucan synthase via Pck2. Additionally, Rho2-Pck2 are the main activators of the MAPK cell integrity pathway. Signaling of this pathway is transmitted through the MAPK module to Atf1 and Mbx1 transcription factors in the nucleus and to different targets such as the RNA-binding proteins Rnc1 or Ndr1 in the cytoplasm. Pmk1 also activates the Yam8/Cch1 calcium channel that in turns activates the phosphatase complex calcineurin. This phosphatase antagonizes the function of MAPK pathway in response to several stimuli. Other phosphatases including Pmp1, and the SAP-dependent phosphatases Ptc1, Pyp1 and Pyp2 negatively regulate Pmk1 activation.

Pck1 plays a minor role in the CIP regulation while Rho1 activates the CIP only in response to certain stimuli such as cell wall damage ([@b0420]). As mentioned above, Rho1 is activated by the membrane sensors Wsc1 and Mlt2 but the signals of these sensors does not regulate the CIP activity ([@b0095]). The GEF Rgf1 regulates Pmk1 activation in a process that involves the activation of Rho1 and Pck2 ([@b0195]). Other Rho1 GEFs such as Rgf2 or Rgf3 can also activate the cell integrity MAPK when overexpressed but it is not clear if they activate this pathway when expressed at physiological levels ([@b0195]).

The MAPK module of the *S. pombe* CIP includes Mkh1 (MAPKKK), Pek1/Shk1 (MAPKK), and Pmk1/Spm1 (MAPK) ([Fig. 5](#f0025){ref-type="fig"}). The activation of Pmk1 is completely dependent on Mkh1 and Pek1 function ([@b0310]). Deletion of any gene encoding the MAPK module causes similar defects in cytokinesis, vacuole fusion, and sensitivity to potassium ions and β-glucanases ([@b0495], [@b0540], [@b0040], [@b0480], [@b0300]). Mkh1 and Pek1 are cytoplasmic proteins and they also localize to the membrane of the division septum. Pmk1 is localized in both the cytoplasm and the nucleus as well as in the mitotic spindle and in the septum membrane during cytokinesis ([@b0310]). Pmk1 activation takes place in the cytoplasm and/or at the septum membrane. This MAPK is phosphorylated by Pek1 in Thr-186 and Tyr-188, two conserved residues of the activation motif ([@b0480]). However monophosphorylated Trh186 Pmk1 was able to execute most of the biological functions of this kinase ([@b0505]).

Most MAPKs translocate to the nucleus upon activation and phosphorylate transcription factors in response to the stimulus. However, Pmk1 is constitutively localized in both cytoplasm and nucleus and can cross the nuclear membrane without being activated ([@b0310]). Moreover, its localization pattern is not affected in response to stress and most of its functions can be accomplished without traveling to the nucleus ([@b0415]). Among the few known Pmk1 cytoplasmic targets are Rnc1 and Nrd1, two RNA-binding proteins. Nrd1 stabilizes different mRNAs, like *myo2*^+^ mRNA, and could participate in the Pmk1 regulation of cytokinesis ([@b0425]). Rnc1 stabilizes the mRNA of Pmp1, a dual-specificity phosphatase that is the main negative regulator of Pmk1 ([@b0485]). This negative feedback loop provides a regulatory mechanism for fine-tuning the Pmk1 pathway ([@b0470]).

Pmk1 also activates the Yam8/Cch1 calcium channel that in turns activates the phosphatase complex calcineurin. This phosphatase plays a major role antagonizing the function of MAPK pathway in response to several stimuli ([@b0485], [@b0475], [@b0305], [@b0510]). On the contrary, in *S. cerevisiae* calcineurin cooperates with the CIP MAPK in the induction of the GS gene *FKS2* ([@b0545]).

Although most Pmk1 functions do not require nuclear targeting and the number of genes induced by Pmk1 activation is very low ([@b0100]), the cell wall integrity might be somehow regulated by Pmk1 at a transcriptional level ([@b0490]). The transcription factor Atf1, which is phosphorylated by the SAP MAPK Sty1 ([@b0530]), is also phosphorylated by Pmk1 when the cell wall is damage ([@b0490]). However, while the role of *S. cerevisiae* CIP MAPK pathway in the production of various cell wall polysaccharides as well as in their polarized delivery to the site of cell wall remodeling is well established ([@b0275]), a similar role has never been shown for the fission yeast Pmk1 MAPK. Indeed, inactivation of Pmk1 improved the growth of a *rho1-596* thermosensitive strain which displays severe cell wall defects and needs the function of calcineurin to survive ([@b0510]).

In summary, CIP is very well conserved in the fungal kingdom but its biological significance in the regulation of the fission yeast cell wall biosynthesis is still not clearly defined.

Concluding remarks {#s0030}
==================

The fungal cell wall is an ideal target for therapeutic intervention against fungal infections since it is essential for these organisms, and most of the components and the enzymes necessary for cell wall biosynthesis and remodeling are not present in mammalian cells. However, many questions remain to be solved before we can have a complete view of the mechanisms governing fungal wall synthesis. Fission yeast studies during the last two decades have unveiled many aspects of the glucan synthases and its regulation. Moreover, the recent data available on the β-(1,3)-glucan synthases Bgs4 and Bgs1 regarding their role in stabilizing the contractile ring during cytokinesis ([@b0360], [@b0015], [@b0080]) set the basis for new studies on the molecular mechanisms of septation such as: the connection between the cell wall β-(1,3)-glucan and the actomyosin ring in order to form the cleavage furrow; the role of Bgs1 in maintaining other glucan synthases in the division area; the requirements for the transport and recycling of the glucan synthases at the site of cell division; etc. Underscoring the relevance of the cell wall in cytokinesis and in other cellular processes, such as polarized growth, will likely reveal the existence of conserved regulatory circuits among fungi and other eukaryotes. Comparative studies in a broad range of fungi will help to identify novel pathways that coordinate the cell wall synthesis with the major physiological processes and the adaptive response of fungal cells to different stresses.
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